Introduction {#s0005}
============

c-Src, an non-receptor tyrosine kinase, is proved to be the first of several proto-oncogenes discovered in the vertebrate genome [@b0005]. The c-Src protein promotes cell growth and migration that leads to tumor cell proliferation and metastasis [@b0010]. After decades of basic scientific research, c-Src has been identified as an important oncogene in human cancer, which has had a profound impact on different types of cancer, including prostate cancer, lung cancer, breast cancer, colorectal cancer and neuronal tumor [@b0015], [@b0020], [@b0025], [@b0030], [@b0035]. Although there is evidence that Src kinase can regulate certain specific microRNAs (miRNAs) thereby affecting tumorigenesis, for example, v-Src (the viral Src) suppresses miR-126 to promote tumorigenesis [@b0040], the role of c-Src in regulating miRNA pathway has not been reported yet.

AGO2 (Argonaute-2), also termed as EIF2C2, is composed of four major domains including N domain, PAZ domain, MID domain and PIWI domain in addition with linker 1 and linker 2 [@b0045]. As a critical regulator, AGO2 plays an important role in small RNAs guided gene silencing processes. AGO2 is a key component of RISC-loading complex containing DICER and TRBP for miRNA maturation [@b0050]. In mammals, miRNAs or siRNAs guide the RNA-induced silencing complex (RISC) to perfectly complementary target sites in mRNAs, where endo-nucleolytically active AGO2 proteins cleave the RNA [@b0055], [@b0060], [@b0065]. It is well-known that many miRNAs are critical in tumor progress. Consistently, AGO2 has also been found over-expressed in many kinds of cancers [@b0070].

Multiple post-translational modifications (PTMs) can regulate AGO2 activities and functions. Enhanced hydroxylation at proline 700 of AGO2 by prolyl-4-hydroxylase (P4H) contributes to AGO2 stability and function [@b0075]. Ubiquitination of AGO2 mediated by mLin41, an E3 ubiquitin ligase, regulates AGO2 turnover [@b0080]. Recently, acetylation of AGO2 by P300/CBP was found to increase its recruitment of pre-miR-19b-1 to enhance miR-19b maturation [@b0085]. In 2013, Shen et al. identified that epidermal growth factor receptor (EGFR) could phosphorylate AGO2 at Tyr393, and thus attenuate its affinity toward DICER and impede the maturation of long-loop miRNA in response to hypoxic stress [@b0090]. It is reasonable that there may be other tyrosine kinases that can also contribute to phosphorylation of AGO2. In this study, we identify that c-Src kinase could interact with AGO2 directly, and phosphorylate AGO2 at Tyr393, Tyr529 and Tyr749 residues. Each phosphorylation of the three sites is essential to AGO2 mediated tumor-promotion effect, as determined by cell proliferation, migration, anchorage-independent growth and xenograft tumor growth. Moreover, the oncogenic function of AGO2 could be blocked thoroughly by treatment with c-Src kinase inhibitor, Saracatinib, which is likely to have a potential clinical implication.

Materials and methods {#s0010}
=====================

Antibodies and reagents {#s0015}
-----------------------

Anti-Src rabbit monoclonal (\#2109), anti-phospho-Src (Tyr 416) rabbit polyclonal (\#2101; used for detecting human pY419 Src), anti-AGO2 (\#2897) and anti-Dicer (\#3363) antibodies were obtained from Cell Signaling Technology. Anti-AGO2 (ab57113), anti-phospho-AGO2 (pY393 AGO2) (ab215746), anti-Tubulin (\#66031-1-Ig), and anti-GAPDH polyclonal (\#ab37168) antibodies were acquired from Abcam. Anti-Flag (M2), anti-HA and anti-Myc antibodies were purchased from Sigma-Aldrich. Protein A/G PLUS Agarose beads (\#K0115) were obtained from Santa Cruz Biotechnology. Glutathione Sepharose 4B beads (\#17-0756-01) were from GE Healthcare Life Sciences. Puromycin (\#P8833) and EDTA-free Protease Inhibitor Cocktail were acquired from Sigma. Saracatinib (AZD0530) was purchased from Selleck.

Plasmids {#s0020}
--------

The Flag-c-Src, HA-c-Src and GST-c-Src plasmids were described previously [@b0095], [@b0100]. The human c-Src CDS was cloned from pCMV-Tag2B-Src plasmid [@b0095], digested with EcoR I and Not I and then subcloned into vector pCMV-Myc. The Flag-AGO2, HA-AGO2, Myc-AGO2 and GST-AGO2 plasmids were described previously [@b0085]. Domain-deletion of HA-c-Src, Myc-AGO2 and point mutations of Myc-AGO2 were generated by using the KOD-plus-mutagenesis Kit (TOYOBO). The AGO2 cDNA was cloned from pEF-5HA-AGO2 into the vector pEGFP-C1 for the expression of GFP-AGO2 protein. The Flag-tagged full-length or tyrosine -mutated AGO2 was cloned into the lentiviral expression vector CD513B for establishing stable cell lines with the packaging plasmids pMD2G and pCMV-dR8. The AGO2 shRNA oligo sequences were gained from Sigma and sub-cloned into the lentiviral vector pLKO.1. The pre-miR-192, pre-miR-let7a-1 and pre-miR-34a were cloned into the pGREENpuro vector. The HA-EGFR plasmid was a gift from Prof. Jiong Deng in Shanghai Jiao Tong University School of Medicine.

Cell cultures and transfection {#s0025}
------------------------------

Human embryonic kidney 293T, 293FT, lung cancer A549 and prostate cancer DU145 cell lines were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal calf serum (Hyclone) at 37 °C in 5% CO~2~ humidified incubator. Cell transfection was performed using Lipofectamine 2000 (Invitrogen).

Co-Immunoprecipitation (co-IP) {#s0030}
------------------------------

HEK293T cells transfected with indicated plasmids were lysed in the RIPA buffer (50 mM Tris--HCl, pH 7.4, 150 mM NaCl, 1%NP-40, 1 mM Na~3~VO~4~, 10 mM NaF with a protease inhibitor cocktail) on ice for 30 min. Lysates were immunoprecipitated with appropriate antibody overnight at 4 °C and then washed at least three times with RIPA buffer followed by Western blot analysis. Specially, for AGO2 domain mapping experiment, the protocol is modified by washed 5 times with modified RIPA buffer containing 500 mM NaCl.

*In vitro* kinase assay {#s0035}
-----------------------

Recombinant GST-Ago2 protein was incubated with or without Purified Flag-c-Src in HTScan 1× tyrosine kinase buffer (Cell Signaling) supplemented with 200 μM cold ATP and 2.5 mM DTT for 40 min at 30 °C. Kinase assay was stopped by 8.5% phosphoric acid, subjected to SDS--PAGE followed by Western blot analysis.

Northern blot analysis and qRT-PCR {#s0040}
----------------------------------

The method for Northern blotting was described previously with a brief modification [@b0085]. Briefly, total RNAs extracted by TRIZOL reagent (Invitrogen) from cells were denatured and fractionated by electrophoresis on a 20% polyacrylamide--8 M urea gel, then transferred to a nylon membrane (Roche) following cross-linkage. The membrane was pre-hybridized by North2South® Hybridization Buffer at 55 °C for 30 min, and hybridized with biotinylated probe at 55 °C overnight. After washed twice with North2South® Hybridization Stringency Wash Buffer at 55 °C for 15 min, the membrane was incubated in Streptavidin--HRP Blocking Buffer at room temperature for 1 h, and washed three times with wash buffer for 5 min following with substrate equilibration buffer for 5 min. Lastly, the signaling on membrane was detected by using Amersham Imager 600 (GE) instrument.

The method for miRNA qRT-PCR was described previously with a brief modification [@b0105], [@b0110]. Briefly, reverse transcription was performed by using PrimeScript™ RT-PCR Kit (TAKARA). For miRNA detection, specific miRNA reverse primers and U6 reverse primer were used to reverse transcript mature miRNAs and U6 snRNA, respectively.Northern miR-192-Biotin:GGCTGTCAATTCATAGGTCAGpre-miR-192 forward primer: GATCCGCUGACCUAUGAAUUGACAGCCAGUGCUCUCGUCUCCCCUCUGGCUGCCAAUUCCAUAGGUCACAGCTTTTTGpre-miR-192 reverse primer: AATTCAAAAAGCTGTGACCTATGGAATTGGCAGCCAGAGGGGAGACGAGAGCACTGGCTGTCAATTCATAGGTCAGCGqRT-PCR miR-192 forward primer:GCCTGCTGACCTATGAATTGqRT-PCR miR-192 reverse primer:GTGCAGGGTCCGAGGTNorthern pre-miR-19b-Biotin:TCAGTTTTGCATGGATTTGCACApre-miR-19b forward primer:GATCCGAGTTTTGCAGGTTTGCATCCAGCTGTGTGATATTCTGCTGTGCAAATCCATGCAAAACTGACTTTTTGpre-miR-19b reverse primer:AATTCAAAAAGTCAGTTTTGCATGGATTTGCACAGCAGAATATCACACAGCTGGATGCAAACCTGCAAAACTCG

Northern miR-34a-Biotin:ACAACCAGCTAAGACACTGCCApre-miR-34a forward primer:GATCCGUGGCAGUGUCUUAGCUGGUUGUUGUGAGCAAUAGUAAGGAAGCAAUCAGCAAGUAUACUGCCCUCTTTTTGpre-miR-34a reverse primer:AATTCAAAAAGAGGGCAGTATACTTGCTGATTGCTTCCTTACTATTGCTCACAACAACCAGCTAAGACACTGCCACGNorthern let-7a-Biotin:AACTATACAACCTACTACCTCApre-let-7a-1 forward primer:GATCCGTGAGGTAGTAGGTTGTATAGTTTTAGGGTCACACCCACCACTGGGAGATAACTATACAATCTACTGTCTTTCCTTTTTGpre-let-7a-1 reverse primer:AATTCAAAAAGGAAAGACAGTAGATTGTATAGTTATCTCCCAGTGGTGGGTGTGACCCTAAAACTATACAACCTACTACCTCACGAll the probe and primer sequences targeting pre-miR-19b and U6 were described previously [@b0085].

Cell counting kit 8 (CCK-8) assay, wound healing assay and transwell assay {#s0045}
--------------------------------------------------------------------------

2 × 10^3^ cells/well (for A549 or DU145 stable cell lines) were seeded in triplicate in a 96-well plate with complete growth medium. Cell proliferation was measured using CCK-8 assay. Absorbance at 450 nm was measured using a Microtiter plate reader (Promega).

Wound healing was performed as described previously [@b0115]. 2 × 10^5^ cells/ well (for A549 stable cell lines) were seeded in triplicate in a six-well plate and cultured overnight to ensure that they had adhered. Then, monolayers were removed with a 200 μL pipette tip and photographs were taken at the indicated times until the wound was healed.

For transwell assay, cells were pre-treated with saracatinib (5 μM) for 4 h before trypsinization. DMEM containing 10% FBS with saracatinib was added to the bottom chamber. Cell suspensions (2 × 10^44^ stable DU145 cells) in serum-free DMEM with saracatinib were added to the upper chamber. The average number of migrated cells per field was calculated based on five randomly selected fields per membrane in triplicate.

Colony formation assay and soft-agar colony assay {#s0050}
-------------------------------------------------

For colony formation assay, 100 cells/well (for DU145 stable cell lines) were seeded in triplicate in a six-well plate. Cells were cultured in DMEM medium containing 10% FBS for 2--3 weeks. Then they were fixed with 10% formaldehyde and stained with Giemsa stain and photographs were taken for counting colonies.

The soft-agar colony assay was performed as described previously [@b0120]. This assay was performed in six-well plates with a base of 2 mL of medium containing 10% FBS with 1.2% Bacto agar (Amresco Solon, OH, USA). Cells were seeded in 2 mL of medium containing 10% FBS with 0.7% agar at 2 × 10^3^ cells/ well (for A549 stable cell lines) and layered onto the base. The photographs of the cells growing in the plate and the colonies developed in soft agar were taken at 2--3 weeks. Three independent experiments were performed in triplicate.

Mouse xenograft models {#s0055}
----------------------

Mouse xenograft models were established as described previously [@b0100]. Briefly, 2 × 10^6^ cells suspended in 100 μL medium (for A549 stable cell lines) were harvested and injected subcutaneously into 5-week-old male BALB/c nude mice individually. About a month later, at the experimental endpoint, mice were sacrificed and the tumors were dissected, weighed and photographed. Animal procedures were carried out according to a protocol approved by the Institutional Animal Care and Use Committee (IACUC) of Shanghai Jiao Tong University School of Medicine.

Statistical analysis {#s0060}
--------------------

Data are expressed as mean + SD. Statistical differences between groups were analyzed by the two-tailed Student's *t* test. *P* \< 0.05 was considered statistically significant. (\**P* \< 0.05, ^\*\*^*P* \< 0.01, ^\*\*\*^*P* \< 0.001.)

Bioinformatics analysis {#s0065}
-----------------------

Protein-protein interaction analysis between human AGO2 and c-Src (SRC) was performed by GeneMANIA (<http://genemania.org>).

Kaplan-Meier curves were created using GEPIA (<http://gepia.cancer-pku.cn>). AGO2 expression level was measured by Transcripts Per Kilobase Million (TPM). Lung adenocarcinoma (LUAD) and lung squamous cell carcinoma (LUSC) were selected as datasets. A total of 481 high AGO2 TPM patients and 481 low AGO2 TPM patients were compared for median overall survival analysis.

AGO2 and c-Src (SRC) expression correlation analysis was performed by GEPIA. TCGA tumor (LUAD tumor, LUSC tumor), TCGA normal (LUAD normal, LUSC normal) and GTEx (lung) were set as used expression datasets for Spearman correlation coefficient analysis.

Immunofluorescence staining {#s0070}
---------------------------

The method for Immunofluorescence staining was described previously with a brief modification [@b0125]. HeLa cells cultured on glass coverslips in six-well plates at 30--40% of confluence were fixed for 15 min with 4% PFA. After washed three times with washing buffer (PBS), the coverslips were blocked with blocking solution (PBS containing 5% BSA, 0.5% Triton X-100) for 1 h and then incubated with mouse anti-HA, anti-AGO2 (ab57113) and anti-c-Src antibodies in blocking solution overnight. Next, cells were rinsed three times (5 min each) with washing buffer, followed by incubation with appropriate secondary antibodies conjugated with Alexa Fluorescence 488, 568 in blocking solution for 1.5 h at room temperature in the dark. Finally, the slides were stained with DAPI for 1 h in the dark, washed three times, mounted with 90% glycerol and sealed with nail polish. Images were captured using a Zeiss Laser Scanning Microscope (LSM) 780 at pixels of 1024 × 1024.

Results {#s0075}
=======

AGO2 interacts with c-Src *in vitro* and *in vivo* {#s0080}
--------------------------------------------------

To test whether c-Src kinase contributes to microRNA pathway, we performed co-immunoprecipitation (co-IP) assay to seek for potential c-Src-interacting proteins involved in the miRNA pathway. By transient transfection in HEK293T cells, we found that c-Src binds to AGO2, DICER, TRBP ([Fig. S1](#s0130){ref-type="sec"}B), and all the three proteins could be tyrosine-phosphorylated by c-Src kinase ([Fig. S1](#s0130){ref-type="sec"}A). Because of the prominent role of AGO2 in the miRNA pathway, we focused our attention on the interaction between AGO2 and c-Src in further analyses. This interaction was confirmed with reciprocal co-IP assays by transient transfected with Flag-c-Src and HA-AGO2 in HEK293T cells ([Fig. 1](#f0005){ref-type="fig"}A and B). To further validate this interaction *in vivo*, immunopricipitation (IP) of endogenous AGO2 followed by immunoblotted with HA or c-Src antibody revealed the specificity of the AGO2-c-Src interaction ([Fig. 1](#f0005){ref-type="fig"}C and D). Furthermore, GST pull-down assay *in vitro* showed the direct interaction between HA-AGO2 and GST-c-Src, as indicated by Western blotting ([Fig. 1](#f0005){ref-type="fig"}E). We also found strong co-localization between c-Src and AGO2 in cytosol of HeLa cells using immunofluorescence staining with Ectopic or endogenous c-Src and AGO2 ([Fig. 1](#f0005){ref-type="fig"}F and G). A series of c-Src and AGO2 truncations was generated, and the domain mapping experiment demonstrated that SH4 domain of c-Src and PIWI domain of AGO2 were responsible for their mutual interaction ([Fig. 1](#f0005){ref-type="fig"}H, lane 3 and [Fig. 1](#f0005){ref-type="fig"}I, lane 4 and 6). Finally, we performed a bioinformatics analysis by GeneMANIA [@b0130]. Human AGO2 and c-Src (SRC) were set as the input core protein. A network showed the relationships between AGO2, c-Src and their related proteins. The outcome showed a 67.64% physical interaction among these networks ([Fig. S3](#s0130){ref-type="sec"}A). Taken together, these data suggest a strong association between AGO2 and c-Src.Fig. 1AGO2 interacts with c-Src *in vitro* and in *vivo*. (A, B) 293T cells were transfected with HA-AGO2 and/or Flag-c-Src as indicated. Reciprocal co-IP was carried out to immunoprecipitate with anti-HA or anti-Flag antibody, followed by Western blot analysis with anti-Flag or anti-HA antibody. (C) Semi-endogenous Co-IP assay. 293T cells were transfected with HA- c-Src. Cell lysates were used for immunoprecipitation (IP) with anti-AGO2 antibody, followed by Western blot analysis with anti-HA antibody. (D) Endogenous Co-IP assay. A549 cells lysates were precipitated with anti-AGO2 antibody, followed by Western blot analysis with anti-Src antibody. (E) GST pull-down assay was performed with HA-AGO2 immunoprecipitated with anti-HA antibody from 293T cells transfected with HA-AGO2, and GST-c-Src purified from *E. coli* transformed with GST-c-Src. (F) HeLa cells were co-transfected with HA-c-Src and GFP-AGO2. After 24 h of transfection, immunofluorescence staining was performed to observe the co-localization of c-Src and AGO2. Scale bars, 10 μm. (G) In HeLa cells, endogenous AGO2 and c-Src showed mainly co-localization in cytosol. Scale bars, 10 μm. (H) Schematic of c-Src protein is shown. 293T cells were transfected with Flag-AGO2 along with full-length or domain-deletion truncated HA-c-Src. cell lysates were used for immunoprecipitation (IP) with anti-Flag antibody, followed by Western blot analysis with anti-HA antibody to verify the interaction between c-Src and AGO2. (I) Schematic of AGO2 protein is shown. 293T cells were transfected with HA-c-Src along with full-length or domain-deletion truncated Myc-AGO2. Cell lysates were used for immunoprecipitation (IP) with anti-HA antibody, followed by Western blot analysis with anti-Myc antibody to verify the interaction between c-Src and AGO2.

AGO2 is phosphorylated at tyr393, tyr529 and tyr749 by c-Src kinase {#s0085}
-------------------------------------------------------------------

To investigate whether AGO2 is a phosphorylation substrate of c-Src kinase, transfection with Flag-c-Src and HA-AGO2 in HEK293T cells was performed, and immunoprecipitation (IP) with anti-HA antibody following by immunoblotted with a pan anti-phosphotyrosine antibody 4G10 showed that AGO2 is phosphorylated clearly ([Fig. 2](#f0010){ref-type="fig"}A, upper lane 3). This specific modification was further confirmed by the phos-tag gel analysis, in which c-Src induced a noticeable mobility shift band ([Fig. 2](#f0010){ref-type="fig"}A, middle lane 3 versus 1). Moreover, phosphorylated AGO2 (pYAGO2) was abolished by a c-Src kinase inhibitor, saracatinib (AZD0530) ([Fig. 2](#f0010){ref-type="fig"}B, lane 4) and enhanced by a tyrosine phosphatase inhibitor, pervanadate (Na~3~VO~4~) ([Fig. 2](#f0010){ref-type="fig"}C, lane 4). All the results revealed that AGO2 is a substrate for c-Src kinase.Fig. 2AGO2 is phosphorylated by c-Src kinase. (A) 293T cells were co-transfected with Flag-c-Src and HA-AGO2. Cell lysates were used for immunoprecipitation with anti-HA antibody, followed by Western blot analysis with a pan anti-phospho-tyrosine antibody (4G10). The Cell lysates were also isolated by Phos-tag gel electrophoresis, followed by Western blot analysis with anti-HA antibody. (B) 293T cells were transfected with HA-AGO2 and/or Flag-c-Src as indicated. Transfected 293T cells were treated with or without 10 µM saracatinib for 4 h before harvest. Cell lysates were used for immunoprecipitation with anti-HA antibody, followed by Western blot analysis with 4G10. (C) 293T cells were transfected with HA-AGO2 and/or Flag-c-Src as indicated. Transfected 293T cells were treated with 0.1 mM pervanadate (a protein tyrosine phosphatase inhibitor) for 10 min before harvest. Cell lysates were used for immunoprecipitation with anti-HA antibody, followed by Western blot analysis with 4G10. (D) 293T cells were transfected with HA-c-Src along with full-length or Y/F mutated Flag-AGO2 as indicated. cell lysates were used for immunoprecipitation (IP) with anti-Flag antibody, followed by Western blot analysis with 4G10, or anti-HA, or anti-Flag antibody, respectively, to identify the tyrosine residues in AGO2 phosphorylated by c-Src kinase. (E) *In vitro* kinase assay showed GST-AGO2 was phosphorylated at Y393 by c-Src kinase directly. (F) 293T cells were transfected with Flag-AGO2 along with HA-c-Src or HA-EGFR. Cell lysates were used for immunoprecipitation with anti-Flag antibody, followed by Western blot analysis with 4G10. The Cell lysates were by Western blot analysis with anti-pY393 AGO2 antibody. (G) Competitive experiment was conducted through co-transfecting equal amount of Flag-AGO2 and HA-EGFR along with Myc-c-Src gradient (1, 2.5 and 5 μg, respectively) in 293T cells.

Based on <https://www.genecards.org> and published literatures, three tyrosine residues in AGO2 protein have been reported as phosphorylation sites, including tyr749 firstly identified with mass spectrometry in 2009 [@b0135], and tyr393/tyr529 identified with mass spectrometry in 2011 [@b0140]. Thus, we tried to determine which of the three tyrosine residues is responsible for the c-Src phosphorylation. Tyr → phe (Y → F) mutational analysis showed that each of the single point mutation (Y393F, Y529F, Y749F) has dramatically attenuated the c-Src-induced AGO2 phosphorylation ([Fig. 2](#f0010){ref-type="fig"}D, lane 3--5). Notably, tri-mutation AGO2 had hardly any phosphorylation modification by c-Src ([Fig. 2](#f0010){ref-type="fig"}D, lane 6). One result ([Fig. 2](#f0010){ref-type="fig"}E) from *in vitro* kinase assay further demonstrated tyr393 to be a direct phosphorylation site target for c-Src kinase using commercialized pY393 Ago2 antibody (no commercialized pY529 Ago2 or pY749 Ago2 antibody by now). Collectively, we conducted that AGO2 could be phosphorylated at tyr393, tyr529, and tyr749 by c-Src kinase.

In 2013, it was reported EGFR can phosphorylate AGO2 at tyr393 in response to hypoxic stress [@b0090]. Because of close correlation between EGFR and c-Src, we intended to verify the different roles of the two tyrosine kinases in the phosphorylation of AGO2. After transfection with Flag-AGO2, alone or together with HA-c-Src or HA-EGFR in HEK293T cells, cells were lysed in RIPA buffer and immunoprecipitation (IP) with anti-Flag antibody following by immunoblotted as antibodies indicated. As shown in [Fig. 2](#f0010){ref-type="fig"}F, the degree of total tyrosine phosphorylation (upper lane 2) or pY393 (middle lane 2) of AGO2 by c-Src kinase was much stronger than those by EGFR (upper and middle lane 3). Furthermore, competitive experiment was conducted through co-transfecting equal amount of Flag-AGO2 and HA-EGFR along with Myc-c-Src gradient in HEK293T cells. As expected, decreased EGFR bound to AGO2 was accompanied by increased c-Src gradient transfection, which indicated that there is likely to be a direct competition between c-Src and EGFR for binding with AGO2. Together, we believe that c-Src kinase has a stronger effect on AGO2 phosphorylation than EGFR at least under normoxia.

c-Src-induced AGO2 phosphorylation at tyr393, but not tyr529 or tyr749, suppresses the maturation of the long-loop pre-miR-192 {#s0090}
------------------------------------------------------------------------------------------------------------------------------

It's reported that EGFR-induced AGO2 phosphorylation at tyr393 specifically suppresses the maturation of pre-miRNAs with long-loop structures under hypoxia [@b0090]. Thus, we examined the possibility that c-Src-induced AGO2 phosphorylation may also have a role in miRNA maturation. The Northern Blot analysis for detecting mature miRNA from pre-miRNA has been established in our previous study [@b0085]. Northern Blot results showed that the amount of miR-192 from pre-miR-192, a pre-miRNA with a long-loop structure [@b0090], was significantly increased when transfection with AGO2 ([Fig. 3](#f0015){ref-type="fig"}A, lane 2), whereas this increasing effect was inhibited when co-transfection with c-Src ([Fig. 3](#f0015){ref-type="fig"}A, lane 4). And this inhibition was rescued effectively by treatment with saracatinib, a c-Src kinase inhibitor ([Fig. 3](#f0015){ref-type="fig"}B, lane 4). These results from maturation of pre-miR-192 suggest that c-Src-induced AGO2 phosphorylation may suppressed the maturation of pre-miRNAs with long-loop structures. This effect was further confirmed with another two pre-miRNAs with long-loop structures, pre-miR-34a and pre-let-7a-1. Northern Blot results also showed that the amount of miR-34a ([Fig. S2](#s0130){ref-type="sec"}A, lane 2) or let-7a ([Fig. S2](#s0130){ref-type="sec"}C, lane 2) was significantly increased when transfection with AGO2, whereas inhibited when co-transfection with c-Src ([Fig. S2](#s0130){ref-type="sec"}A or [S2](#s0130){ref-type="sec"}C, lane 4). And this inhibition was rescued effectively by treatment with saracatinib ([Fig. S2](#s0130){ref-type="sec"}B or [S2](#s0130){ref-type="sec"}D, lane 4). Moreover, the above results from pre-miR-192 were confirmed further by qRT-PCR analysis ([Fig. 3](#f0015){ref-type="fig"}E and F). As expected, c-Src ^Y530F^, the active form, has a stronger inhibitory effect than c-Src ([Fig. 3](#f0015){ref-type="fig"}F, column 3 and 4). Conversely, there was no significant difference in maturation of miR-19b from pre-miR-19b, a pre-miRNA without a long-loop structure [@b0085], with or without c-Src transfection ([Fig. 3](#f0015){ref-type="fig"}C, lane 2 and 4).Fig. 3c-Src phosphorylates AGO2 at tyr393 to suppress the maturation of the long-loop miRNA. (A) Pre-miR-192 and Flag-AGO2 with or without HA-c-Src were transfected into 293T cells. Total RNA was extracted from 293T cells, the miR-192 expression were detected by Northern blotting. (B) Protocol as (A), except that transfected 293T cells were treated with or without 10 µM saracatinib for 4 h before harvest. (C) Pre-miR-19b and Flag-AGO2 with or without HA-c-Src were transfected into 293T cells. Total RNA was extracted from 293T cells for detecting the miR-19b expression by Northern blotting. (D) 293T cells were transfected with Pre-miR-192 and HA-c-Src and Y/F mutated Flag-AGO2 as indicated. Total RNA was extracted from 293T cells, the miR-192 expression were detected by Northern blotting. (E--G) qRT-PCR was conducted to examine the expression of miR-192 in 293T cells with different treatments as indicated. Results were normalized to U6 and shown as *n*-fold change relative to the corresponding control cells. Bars ± SD showed the median of three independent experiments, differences in expression levels were analysed by *t*-test (\*\**P* \< 0.01, \*\*\**P* \< 0.001). (H) 293T cells were transiently transfected with Flag-AGO2 or Flag-AGO2^Y393F^ along with HA-c-Src. Cell lysates were immunoprecipitated with anti-Flag antibody followed by Western blot analysis with anti-DICER or anti-TRBP antibody for detection of bindings between AGO2 and DICER/TRBP induced by c-Src.

Next, we try to verify which tyrosine residue in AGO2 is responsible for inhibiton of miRNA maturation. By Northern Blot analysis ([Fig. 3](#f0015){ref-type="fig"}D), we characterized that AGO2^Y393F^, but not AGO2^Y529F^ or AGO2^Y749F^ can recover the c-Src inhibition on miR-192 maturation. This conclusion was further supported by qRT-PCR result ([Fig. 3](#f0015){ref-type="fig"}G). Accordingly, since AGO2 associates with DICER and TRBP to form the RISC-loading complex, which is responsible for the miRNAs maturation from pre-miRNAs, we detected the binding pattern between AGO2 and DICER/TRBP under the action of c-Src. Western blot analysis indicated that AGO2 WT, not AGO2^Y393F^, reduced its binding to DICER and TRBP accompanied with c-Src phosphorylation ([Fig. 3](#f0015){ref-type="fig"}H), which suggests that pY393 is a negative regulator for AGO2-dependent miRNA maturation. Overall, it is likely that AGO2 phosphorylation at tyr393 by c-Src, similar to that by EGFR under hypoxia, selectively suppresses the processing and maturation of long-loop pre-miRNAs.

Each of AGO2 phosphorylations at tyr393, tyr529 and tyr749 has an oncogenic function {#s0095}
------------------------------------------------------------------------------------

To explore whether phosphorylation of AGO2 has a biological significance in tumors, we generated stable A549 lung cancer cell lines by polyclonal lentiviral infections with vector, AGO2 WT, AGO2^Y393F^, AGO2^Y529F^, or AGO2^Y749F^. All the four ectopic AGO2 expression levels were equally high indicated by Western blot analysis ([Fig. 4](#f0020){ref-type="fig"}A). In a wound healing assay, ectopic AGO2 WT, but none of three Y/F mutants, could significantly increase cell migration compared with vector control ([Fig. 4](#f0020){ref-type="fig"}B). To further verify the function of AGO2 phosphorylation, anchorage-independent soft-agar colony-forming assay was conducted. As shown in [Fig. 4](#f0020){ref-type="fig"}C, cells transfected with AGO2 WT showed more numbers and sizes of colonies than those transfected with vector. However, compared with vector, the three mutants had no statistical difference in anchorage-independent growth although AGO2^Y529F^ or AGO2^Y749F^ had a very slight increase in colony numbers. Finally, we performed a xenograft tumor formation experiments by injecting five A549 stable cells subcutaneously into nude mice. One month after the injection, all the tumors were gathered for photo recording ([Fig. 4](#f0020){ref-type="fig"}D) and a statistical analysis on tumor weight was conducted ([Fig. 4](#f0020){ref-type="fig"}E). Interestingly, over-expressed AGO2 WT in A549 cell significantly increased the size and weight of tumor compared with both vector control and three AGO2 mutants (^\*\*^*P* \< 0.01 between AGO2 WT and vector, AGO2^Y393F^, AGO2^Y529F^, \**P* \< 0.05 between AGO2 WT and AGO2^Y749F^). However, compared with vector, AGO2^Y749F^ or AGO2^Y529F^ also significantly increased the size and weight of tumor (\**P* \< 0.05), and AGO2^Y393F^ had a slight increasing effect with no statistical difference. These data suggest that phosphorylation of AGO2 promotes tumorigenesis, and each phosphorylation at the three tyrosine residues is essential to this oncogenic function. In addition, perhaps Y393 is the most important functional site among these three tyrosine residues.Fig. 4Tyrosine phosphorylation of AGO2 promotes tumorigenesis. (A) Ectopic AGO2 was introduced into the lung cancer cell line A549 by lentiviral system. Western blot analysis showed the expression level of AGO2 WT and Y/F mutants. (B) The cell motility of stable A549 cell lines was determined by wound healing assay and representative images were taken at the time points 0 h and 12 h. (C) Soft-agar colony assay. Stable A549 cell lines were seeded in 2 mL of medium containing 5% FBS with 0.35% agar at 2 × 10^3^ cells per well and layered onto the base. The photographs were taken and numbers of colonies were calculated one month later. Images are representative of three independent experiments. All data are mean ± SD. Differences in expression levels were analysed by *t*-test (\**P* \< 0.05, ^\*\*^*P* \< 0.01). (D) The image for the tumor is shown. The male BALB/c nude mice (*n* = 5) were given a suspension A549 stable cells subcutaneously (2 × 10^6^ cells/each). Xenografted tumors were taken out after one month, and tumors were dissected and weighed. (E) Tumor weight was measured at the experimental endpoint. All data are. Mean ± SD. Differences in expression levels were analysed by *t*-test (\**P* \< 0.05, ^\*\*^*P* \< 0.01).

Saracatinib, c-Src inhibitor, thoroughly blocks AGO2-promoting oncogenic phenotype {#s0100}
----------------------------------------------------------------------------------

To further estimate whether and how c-Src-mediated AGO2 phosphorylation promotes tumorigenesis, saracatinib (AZD0530), one small molecule inhibitor to the c-Src kinase, was used for cell experiments. To avoid contingency in cell line and experimental method, besides A549 cell line, we generated other stable DU145 prostate cancer cell lines by polyclonal lentiviral infections firstly with AGO2 shRNA, then following with vector, ectopic AGO2 WT or AGO2 ^Y393F^. A Cell Counting Kit 8 (CCK-8) assay was used to examine the A549 and DU145 stable cells proliferation. The rate of proliferation was increased in A549 transfected with AGO2 WT stable cells compared with cells with vector, but both stable cells proliferation was inhibited to a same lower level by treatment with saracatinib ([Fig. 5](#f0025){ref-type="fig"}A). A similar pattern of results was observed in DU145 stable cell lines. As shown in [Fig. 5](#f0025){ref-type="fig"}B, compared with vector control, the rate of proliferation was increased in cells transfected with AGO2 shRNA and WT, but decreased in cells transfected only with AGO2 shRNA. However, all the three stable cells proliferation were inhibited to a same lower level by treatment with saracatinib. Furthermore, colony formation assay on DU145 stable cell lines showed cells transfected with AGO2 shRNA could reduce the numbers of colonies, but this suppression could be rescued fully by re-expression of AGO2 WT rather than AGO2^Y393F^. Moreover, saracatinib dramatically inhibited the sizes of colonies and reduced the numbers of colonies in three stable cell lines ([Fig. 5](#f0025){ref-type="fig"}C). In addition, transwell assay showed cells transfected with AGO2 shRNA decreased cell migration, which could be rescued by re-expression of AGO2 WT rather than AGO2^Y393F.^ As expected, saracatinib remarkably inhibited cell migration in three stable cell lines ([Fig. 5](#f0025){ref-type="fig"}D). It is worth noting that treatment with saracatinib had a equal inhibition effect for all the stable cell lines no matter what AGO2 is. Overall, these data imply that saracatinib is responsible not only for AGO2 dephosphorylation but also for other substrates of c-Src, and AGO2-mediated oncogenic function could be blocked thoroughly by c-Src inhibitor.Fig. 5Saracatinib blocks AGO2-promoting oncogenic phenotype. (A and B) Cell proliferation of stable A549 cell lines (A) and stable DU145 cell lines (B) was examined by Cell Counting Kit 8 (CCK-8). All data are mean ± SD. Differences in proliferation rate were analysed by two-way ANOVA (^\*\*\*^*P* \< 0.001). (C) Colony formation assay. 100 stable DU145 cells per well were seeded and cultured in DMEM medium containing 10% FBS in 6-well plates for 2--3 weeks until counting. The final concentration of saracatinib is 5 μM. All data are mean ± SD. Differences in numbers of colonies were analysed by *t*-test (^\*\*^*P* \< 0.01). (D) Transwell assay. Cells were pre-treated with saracatinib (5 μM) for 4 h before trypsinization. DMEM containing 10% FBS with saracatinib was added to the bottom chamber. Cell suspensions (2 × 10^4^ stable DU145 cells) in serum-free DMEM with saracatinib added to the upper chamber. The average number of migrated cells per field was calculated based on five randomly selected fields per membrane in triplicate. (E) A schematic model. AGO2 interacts with c-Src and is phosphorylated at its tyr393, tyr529 and tyr749 sites by c-Src kinase, which phosphorylation could be blocked by treatment with saracatinib, the c-Src kinase inhibitor. Phosphorylation of AGO2 at tyr393 reduces its binding to DICER, thereby inhibiting miRNA maturation. Each of the three phosphorylations in AGO2 shows an obvious tumor-promoting effect.

Discussion {#s0105}
==========

As known to all, c-Src is a classic abnormal high expressed oncogene in multiple cancers. Recent works illustrate AGO2 being a hotspot in cancer research. In this study, we identify a correlation between c-Src kinase and AGO2 by a series of molecular and cellular experiments. Moreover, a protein--protein interaction network for AGO2, c-Src and their related proteins was performed by GeneMANIA (Multiple Association Network Integration Algorithm), which is fast enough to predict gene function while achieving state-of-the-art accuracy [@b0145]. However, it should be noticed that although GeneMANIA is a useful tool for any biologist, this approach is limited by evidence-based studies, such as IP combining with mass spectrometry, and the real interaction between protein and protein, for example, c-Src and AGO2 in our study, needs more evidences from cell experiment and animal experiment. Accordingly, AGO2 and c-Src expression correlation was analyzed by GEPIA (<http://gepia.cancer-pku.cn>). For example, in lung cancer, there was a significant positive correlation between AGO2 and c-Src according to their log~2~(TPM) levels ([Fig. S3](#s0130){ref-type="sec"}C). Furthermore, we referred to GEPIA to determine whether there is a correlation between AGO2 expression and overall survival [@b0150]. Our results showed that AGO2 up-regulation was associated with faster disease progression and worse overall survival in 962 patients with lung cancer ([Fig. S3](#s0130){ref-type="sec"}B). Median overall survival of patients with lung cancer decreased from 100 to 25 months after the up-regulation of AGO2 expression. Thus, increased AGO2 expression in human lung cancer is associated with the reduced survival. The bioinformatics consequence revealed a tumor-promoting role of AGO2, probably with/by c-Src in cancer.

Of note, Shen et al. first reported EGFR is a tyrosine kinase for phosphorylation of AGO2. And now we have identified c-Src functions as another tyrosine kinase for AGO2. Here we tried to characterize the similarity and difference between them. First, EGFR-AGO2 association is hypoxia-dependent because EGFR is a trans-membrane protein, and transfers to late endosomes where it is co-localized with AGO2 only under hypoxia. However, c-Src is a widely-distributed cytosol protein, and c-Src-AGO2 association is easy to demonstrate under normal condition ([Fig. 1](#f0005){ref-type="fig"}A--D, F--I and [Fig. 2](#f0010){ref-type="fig"}A--D). Second, only one tyrosine residue Y393 in AGO2 is confirmed to be phosphorylated by EGFR. However, not only tyr393, but also tyr529 and tyr749, have been identified as phosphorylation sites for c-Src kinase ([Fig. 2](#f0010){ref-type="fig"}D and E). Functionally, Y393 phosphorylation by c-Src under nomoxia is identical to that by EGFR under hypoxia, which can reduce the binding of DICER to AGO2 and inhibits pre-miR-192 maturation. Third, Shen et al. did not observe any significant changes among parental, vector, AGO2 WT and AGO2^Y393F^ stable cell lines (HeLa and MDA-MB-231) in cell proliferation (under normoxia or hypoxia) or anchorage-independent growth (Ref. [@b0090], [Fig. S36](#s0130){ref-type="sec"}), which are completely different from our present results and previous study [@b0085]. This contradiction should be clarified in further studies. Collectively, c-Src has a stronger binding affinity to AGO2 than EGFR, and we consider that under normoxia, c-Src is the major kinase for phosphorylation of AGO2.

Importantly, some previous studies reported the cooperative tumorigenesis by c-Src and EGFR interplay. Parsons et al. first showed c-Src overexpression in EGFR-expressing metastatic breast and other cancer cells promoted cell migration [@b0155]. In a review, Parsons et al. described the physical and functional interactions between c-Src and EGFR. It is evidenced that EGFR can be phosphorylated on multiple sites by c-Src, most notably tyr845, which is required for EGF-induced cell proliferation and cell survival [@b0160]. Dimri et al. showed c-Src can modify EGFR-mediated mammary epithelial oncogenesis [@b0165]. Mader et al. showed that EGF stimulation leads to EGFR autophosphorylation, providing potential binding site for both Arg and c-Src SH2 domains, which binding relieves their autoinhibited conformation, enabling Src and Arg to autophosphorylate for downstream signaling pathway [@b0170]. Our result that competitive roles of c-Src and EGFR in binding with AGO2 is based on overexpression of c-Src and EGFR plasmids ([Fig. 2](#f0010){ref-type="fig"}G), which might be different from physiological condition. Functionally, it is reasonable that c-Src and EGFR kinases, alone or in concert *in vivo*, can phosphorylate AGO2 for tumorigenesis.

Results showed that only pY393 AGO2 inhibits processing maturation of long-loop miRNAs, whereas pY529 AGO2 or pY749 AGO2 does not function through this mechanism. Although all the three phosphorylations show a similar oncogenic phenotype, we propose that each mechanism of action of these sites is different because of their different domain location. It has been reported pY529 could prevent AGO2 binding to 5′ phosphate of the small RNA [@b0140]. Since tyr749 located in the PIWI domain, we propose that pY749 AGO2 may be responsible for its endonucleolytic activity. Further functional experiments are required to elucidate the detailed mechanism.

In domain mapping experiment, we couldn't detect the expression of ΔSH1 c-Src mutant in 293T cells for uncertain reasons. Saracatinib (AZD0530) is a potent, orally available ATP‐competitive inhibitor of Src kinase that has high selectivity when compared with a range of protein tyrosine kinases involved in signal transduction [@b0175]. We have noticed that saracatinib with a usual concentration (5 μM) has a very strong anti-tumor effect ([Fig. 5](#f0025){ref-type="fig"}A-D), especially, colony formation assay showed that the clones treated with the inhibitor decreased not only in number but also significantly in size compared with AGO2 stable cells ([Fig. 5](#f0025){ref-type="fig"}C), which imply that the functions of c-Src kinase versus AGO2 tyrosine phosphorylation are not equal in tumor progress. Despite c-Src being a classic oncogene and AGO2 over-expressed in many cancers, it also has been reported that AGO2 has a reduced expression in melanoma [@b0180], and that over-expression of AGO2 could inhibit cell and tumor growth [@b0185], [@b0190]. More studies will be needed to identify the exact role of AGO2 and its tyrosine phosphorylation in tumorigenesis.

Conclusion {#s0110}
==========

On the basis of our current findings, we present a schematic model ([Fig. 5](#f0025){ref-type="fig"}E). AGO2 interacts with c-Src and is phosphorylated at its tyr393, tyr529 and tyr749 sites by c-Src kinase, which phosphorylation could be blocked by treatment with saracatinib, the c-Src kinase inhibitor. Phosphorylation of AGO2 at Tyr393 reduces its binding to DICER, thereby inhibiting miRNA maturation. Each of the three phosphorylations in AGO2 shows an obvious tumor-promoting effect. Given that AGO2 plays an important role in tumorigenesis that could be regulated by c-Src phosphorylation, our study might offer a novel strategy for clinical treatment of cancer.

Appendix A. Supplementary data {#s0130}
==============================

The following are the Supplementary data to this article:Supplementary Fig. S1(A) Components of RISC-loading complex could be phosphorylated by c-Src kinase. 293T cells were co-transfected with Flag-DICER, Flag-AGO2 and Flag-TRBP along with or without HA-c-Src. Cell lysates were used for immunoprecipitation with anti-Flag antibody, followed by Western blot analysis with 4G10. (B) Bindings between AGO2/DICER/TRBP with c-Src. 293T cells were transfected with Flag-AGO2/DICER/TRBP with or without HA-c-Src as indicated. Cell lysates were used for immunoprecipitation with anti-Flag antibody, followed by Western blot analysis with anti-HA antibody.

Supplementary Fig. S2(A) Pre-miR-34a and Flag-AGO2 with or without HA-c-Src were transfected into 293T cells. Total RNA was extracted from 293T cells, the miR-34a expression were detected by Northern blotting. (B) Protocol as (A), except that transfected 293T cells were treated with or without 10 µM saracatinib for 4 h before harvest. (C) Pre-let-7a-1 and Flag-AGO2 with or without HA-c-Src were transfected into 293T cells. Total RNA was extracted from 293T cells, the let-7a expression were detected by Northern blotting. (D) Protocol as (C), except that transfected 293T cells were treated with or without 10 µM saracatinib for 4 h before harvest.

Supplementary Fig. S3(A) A protein-protein interaction network for AGO2, c-Src and their related proteins. This is a composite of all of the networks chosen from the database in a way that best connects related proteins. Nodes represented proteins and links represented networks. (B) Kaplan-Meier curves, log-rank test, showing the correlation between AGO2 expression and clinical outcome in human lung cancer, as analyzed for overall survival. Red represents high AGO2 TPM, and blue represents low AGO2 TPM. *n*(high) = 481, *n*(low) = 481. (C) AGO2 and c-Src expression correlation analysis. Spearman *R* and *P*-value for log2 (c-Src TPM) versus log2 (AGO2 TPM) in human lung cancer.
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